The binding of a specific tRNA (acylated or not) to the 40S subunits in the presence of the proper codon was shown to produce two striking effects on the subunits. First, the subunits were no longer able to dimerize at low ionic strength. Second, they became fully resistant to 1.25 M LiCl treatment: bound tRNA prevented subunit inactivation as measured by polyphenylalanine synthesis; it also prevented large sedimentation changes of subunits and ribosomai protein release induced by LiCl. The number of protected proteins far exceeded that of the proteins crosslinked with tRNA after irradiation at 254 nm (A.M. REBOUD, S. DUBOST and J.P. REBOUD (1983) FEBS Lett. 158, 285-288). These results strongly suggest that tRNA binding induces modifications of rRNA-protein interactions in large domains of the subunits. A weak interaction of tRNA with the 40S subunit was demonstrated in the absence of the codon.
INTRODUCTION
We have previously reported that one molecule of non-acylated tRNA bound to the P site of the large ribosomai subunits of rat liver protects them either against thermal or against LiCl-induced inactivation in puromycin reaction and polyphenylalanine assay (1) (2) (3) . It also prevents ribosomai protein and 5S RNA release, and large sedimentation changes of subunits, induced by LiCl (3).
Here we show that tRNA binding also produces extensive modifications in the properties of the small subunit. This was revealed by the study of both sedimentation and the effect of high salt-treatment. Buffer A contained 1 mM potassium phosphate (pH 7.4), 30 mM KC1 and 1.5 mH MgCl-. Buffer B was the same as buffer A but contained 14 mM MgCl 2 .
MATERIALS AND METHODS
Buffer C contained 10 mM HEPES (pH 7.4) 80 mM KC1 and 20 mM MgCl 2 .
Ribosomal subunit preparation
Ribosomal subunits from free rat liver polysomea were prepared using puromycin, as already described (3) . When necessary, the native 40S monomers and 55S dimers of small subunits were separated through a 10-40Z sucrose gradient prepared with buffer A (90,000 x g, 15 h in a Beckman SH 27 rotor) .
Binding of tRNAs and treatment of the small riboaomal subunits with LiCl
Small subunits were incubated in buffer C (30 min at 30°C) with or without poly(U) (0.13 mg/mg of subunits) and with acylated (or non-acylated) purified tRNAs (Phe-tRNA ?he , tRNA Phe , tRNA^a l , tRNA Gly , tRNA^ "), the molar ratio of tRNA per subunit being equal to 10. Part of these subunits were then treated for 20 min at 4°C with increasing concentrations of LiCl 
Polyaerylamide-gel electrophoresia
Proteins from free or tRNA-binding subunits treated with LiCl were obtained using the Mg /acetic acid procedure (4) and analyzed on 2-D gel electrophoresis using the acidic-acidic system (5). The stain recovered from each proteic spot (either from the core or from the split fractions) was measured (6). Values were expressed as a fraction of the initial stained intensity recovered from the corresponding spot on the electrophoretograms of control subunits. The code adopted for numbering the proteins has already been reported and corresponds to the "uniform nomenclature" (7).
I8opycnic centrifugation
Preliminary experiments were performed in order to find a buffer sufficiently low in Mg to remove Phe-tRNA e and poly(U) bound to the particles while leaving the patterns of control subunits unmodified during either isopyenic centrifugation or sedimentation analysis. We found that these components were easily removed from subunits by lowering the Mg concentration to 0.1 mM. However, because this buffer condition would partly deproteinize control subunits (as was seen on both CsCl density gradient and sedimentation patterns) we preferred to use buffer A in spite of its disadvantages: it dimerizes some of the subunits and keeps poly(U)
and Phe-tRNA bound on aubunits, giving two bands in CsCl density gradient patterns (see fig-la and la 1 ). For isopycnic centrifugation, the ribosomal subunits and the various particles were fixed in 6Z formaldehyde and centrifuged as already described (8). The percentage of RNA in subunits and particles was determined from the reciprocal of the buoyant density (9).
Poly(U)-dependent binding of P^CIPhenylalanyl-tRNA and polyphenylalanine synthesis
The procedures used were those previously described (8). The assays were linear within the range of subunit quantities used.
Photolytic incorporation of Phe-tRNA Smallsubunits were incubated in buffer B (30 min at 30°C) with or without poly(U) (0.13 mg/mg of subunits) and with | ^cIPhe-tRNA Incident radiation doses were determined by ferrioxalate actinometry (11) .
RESULTS
tRNA binding modifies the sedimentation pattern of small ribosomal subunits Sedimentation profiles of small rat-liver ribosomal subunit preparations in a low potassium buffer (A) always showed about 30Z monomers (40S) and70Zdimers (55S), which is in agreement with Wettenhall et al- (12) (a) 40S subunits were incubated with tRNA as described in "Methods". Sedimentation analysis was performed as described in the legend of Fig. 1 . Values between brackets indicate monomer and dimer percentages determined when samples had been fixed with formaldehyde before analysis; they are given only when they differed from the values observed with unfixed samples. (b) Control subunits either free or incubated with each purified tRNA, with or without poly(U), were centrifuged under the same conditions as the corresponding salt-washed particles. The 100% value corresponds to 4428 cpm when polyphenylalanine synthesis was measured using limiting amounts of subunits (1.5 ug of small subunits, which corresponds to 0.67 yg of 18S RNA, and 3.75 ug of large subunits). Core particles (0.67 ug of 18S RNA per assay) were isolated by centrifuging 1.25 M LiCl-treated small subunits as described under "Methods". In these experiments, the different subunit-mRNA-tRNA and subunit-tRNA complexes and their corresponding LiCl-derived particles have been shown to have the same optimum Mg 2+ concentration (10 mM) as control subunits during the synthesis of polyphenylalanine. In each case, five separate experiments have been performed with almost the same results.
( H|poly(U) and| 14 c|Phe-tRNA Phe were used, both |H|and | c|were exclusively associated with monomers on the gradients Phe (results not shown). In control experiments, other tRNAs than tRNA were Val added to subunits in the presence of poly(U). Only tRNA.
(codon GUA/G) increased the proportion of 40S monomers significantly (exp.4). No effect was observed using purified tRNAs whose codons did not contain any U, as for example tRNA Gly or tRNA^1" (codon GGG and GAA, respectively) (exp.5,6).
pH|poly(U) alone interacted chiefly with 55S subunit dimers (results not shown) but did not change their sedimentation profile (exp.7).
When the subunits were incubated with tRNAs in the absence of poly(U), the proportion of 40S subunits was similar to that observed in the control (exp.8). However when small ribosomal subunits and the various tRNAs were crosslinked by formaldehyde before centrifugation analysis, almost all 55S diners were converted into 40S monomers (exp.-8, values between brackets).
The formaldehyde treatment of ternary complex: subunit-poly(U)-tRNA (or tRNA. a or tRNA y or tRNA U ) did not change their sedimentation profiles. When subunits alone were fixed with formaldehyde, the showed a slightly higher proportion of monomers than that observed in the unfixed samples (exp.l, values between brackets). Control experiments using purified 55S dimers showed that formaldehyde in itself had no dissociating effect.
Protective effect of tRNA against LiCl-induced modifications
We wished to check whether prior binding of tRNA on small ribosomal subunits protected them against modifications induced by LiCl. We have recently shown that such protection occured on large ribosomal subunits with tRNA bound on the P site (3).
There was no significant decrease in the phenylalanine incorporating activity (nor in the non-enzymatic tRNA binding) of the small subunits exposed to high LiCl concentrations up to 1.12 M (results not shown).
However, the subunits were almost completely inactivated by 1.25 M salt (Table 1, used alone had no effect at all (exp. 7). Still, the addition of tRNA (or Phe-tRNA e ) or any other purified tRNA in the absence of poly(U) had (Table I) were obtained for particles washed with 1.4 M LiCl.
Besides 21X monomers and 33Z aggregates, sedimentation analysis of the 1.25 M LiCl particles derived from free subunits showed a prominent 28S peak (45Z) which can be related to the protein-depleted particles seen on the CsCl density gradient (Fig. lb) . As this change in S° value was much larger than was to be expected from protein loss, the particles must have been unfolded. On the other hand, the sedimentation behaviour of the complexed subunits washed with 1.25 M LiCl was in agreement with their biological activities reported in Table 1 . Indeed, the peak of 40S-subunit monomers remained prominent only in preparations derived from subunit-poly(U)-Phe-tRNA Phe (or tRNA Phe or, to a lesser extent, tRNA^a ) complexes, with only small amounts of 28S particles (Fig. lb) . With tRNA y or tRNA« u , the same patterns as with free subunits were obtained (results not shown). In the absence of poly(U), each purified tRNA tested afforded some protection of the subunits against salt-treatment (Fig. lc) .
In all cases, subunits and their LiCl-derived particles were found to contain intact ribosomal 18S RHA, as assessed by electrophoresis and sucrose gradient analysis.
CsCl density gradient patterns of the various subparticles are given on the right panels of Fig. 1 . In contrast to free subunits, which gave one boundary, the poly(U)-Phe-tRNA Phe (or poly(U)-tRNA Phe ) bound subunits gave two bands corresponding to densities of 1.545 and 1.565 g/ml, which are higher than that of the control subunits (1.537 g/ml) ( (Fig. lb  1 ) . The first band corresponded to the density of control subunits, and was due to 40S monomers that separate experiments, using purified material, have shown to resist up to 1.4 M LiCl. The second band, which was wider, was proved to derive from 55S dimers. Its average density value (1.605 g/ml) would correspond to a 39Z protein loss. The remainder, being highly deproteinired, sedimented at the bottom. Only the residual subunits and the highly deproteinized material remained when 1.4 M LiClwashed subunits were used. As could be expected from their activity and sedimentation behaviour, the subunit-poly(U)-Phe-tRNA e (or tRNA e ) complexes treated in the same way with 1.25 M LiCl gave almost the same patterns as the untreated control complexes (Fig. lb') . The subunitVal poly(U)-tRNAj mixture, in contrast with those mixtures prepared with tRNA y or tRNA. u , still showed about 45Z material having the density of the control subunits after being treated with 1.25 M LiCl (results not shown). Prior incubation of small subunits with each purified tRNA alone also afforded some protection of the subunits against 1.25 M LiCl salt treatment (Fig. lc' ).
The conclusion that the particles derived from free and tRNA-bound Photoincorporation of the Phe-tRNA into small ribosomal subunits whether in the presence or in the absence of poly(U)
The above results showing that tRNAs without mRNA were able to convert subunit dimers into monomers, (this is revealed by using formaldehyde) and to protect the small subunits against the effect of concentrated salt suggested that tRNAs alone formed a loose complex with the subunits. The existence of such a complex could alreadly be predicted from previous observations that tRNA protects the small subunits against heat inactivation even in the absence of mRNA (1) . We have recently shown that irradiation at 254 run of a mixture of Phe|^P|tRNA and 40S subunits in the presence of poly(U) results in the covalent labeling of a limited amount of ribosomal proteins (14) . We therefore decided to check if Phe tRNA could be crosslinked with 40S subunits not only in the presence, but also in absence of poly(U), which would further support the existence of a weak interaction between tRNA and 40S subunits. c|phe-tRNA was irradiated and then filtered in the presence of EDTA, the radioactivity retained on the filter increased linearly with radiation doses of up to 18 1.08 x 10 quanta (which remains sufficiently low to leave the tertiary structure of small subunits unchanged -See (15)). Under these conditions, up to 12Z of the total f" ll *c|Phe-tRNA Phe retained on the filters in the presence of 14 mM Mg remained on the filters when EDTA was used. Fig. 2 shows that in the absence of poly(U), |
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c|phe-tRNA e photoreacted with small ribosomal subunits to exactly the same extent as when the message was present. The tRNA labeling of subunit^ proved to be poly(U) -dependent only when the small subunit -I C I Phe-tRNA and the small subunit -poly (U) -| C | Phe-tRNA mixtures were centrifuged through a sucrose cushion before being irradiated. This indicated that high-speed centrifugation dissociated most of the loose binary subunit-tRNA complex whereas it had no effect on the tight ternary one. Such dissociation would also explain the relatively small protective effect of tRNA in the absence of mRNA against LiCl (see table 1 , exp.8).
DISCUSSION
In the experiments reported here, we have analyzed some effects of tRNA binding on the properties of the small ribosomal subunits. Non-enzymatic tRNA binding on the isolated 40S subunits in the presence of an artificial mRNA very probably occurs on a part of the "A" site, since such binding is inhibi- complexes, prepared | | I as described in "Methods", were either directly irradiated ( a and 0 , respectively) or submitted to high-speed centrifugation prior to irradiation with increasing doses of quanta (D and O, respectively). Aliquots of each sample were filtered with 20 raM EDTA and the radioactivity retained on the Millipore filters was counted (see "Methods").
ted almost completely by tetracycline, a specific "A" site poison (for references see 16) . We found that this tRNA binding converts the 55S dimers into 40S monomers which, in contrast to dimers, were resistant to high-salt treatment. When treated with 1.25M LiCl, these monomers retained all their protein content and activity while dimers were partially deproteinized into inactive core-particles. We have recently reported that tRNA bound to 40S subunits in the presence of mRNA photoreacts with a limited number of 40S subunit proteins (14) . These proteins should interact directly with tRNA and it is quite possible that other proteins also interact but cannot be crosslihked with it. However, it seems very unlikely that the numerous proteins salt-extracted from free subunits but not from subunits associated with tRNA, could be all directly protected by tRNA. Therefore, the most likely hypothesis is that tRNA binding induces modifications of proteinrRNA interactions in large domains of the subunit. It should be noted that tRNA binding on E. Coli ribosomes induces a conformational change of rRNAs as measured by chemical accessibility of nucleotides (17, 18) . Our results
give the first indications on extensive effects of tRNA binding on both mammalian large (3) and small ribosomal subunits.
We have no evidence that the mRNA-independent tRNA binding demonstrated in these experiments occurs on the same site as the mRNA-dependent binding and has a biological significance. We can however say that both types of binding have several features in common. Under both conditions of binding tRNA protects the small subunits against heat inactivation to the same exent (1), the same amount of tRNA can be photoincorporated per subunit, and the 55S dimers are converted into 40S monomers almost completely. In these latter experiments, the attachment of tRNA can be performed either non-covalently with mRNA or covalently through formaldehyde fixation in the absence of mRNA.
Wettenhall et al (12) , who were the first to report that native 40S monomers, unlike 55S dimers, bear a tRNA molecule, did not show any direct effect of the addition of tRNA on dimer-monomer conversion. From what has been shown above, this is probably because their preparations were not fixed before analysis on sucrose gradients. Herring et al., (19) reported that the addition of tRNA in the presence of a factor (cIF-1) converts a significant part of 55S dimers into 40S monomers. Only a very slight effect of tRNA was observed without the factor. In a more recent paper, the addition of ribosomal salt-wash, but not of tRNA, was also reported to increase monomers (20) . Tfie differences with our results, which clearly show that tRNA is able to convert pratically all the dimers into monomers without the addition of any factor, must be related to the different experimental conditions used in these studies. Concerning the mRNA-independent tRNA binding which we demonstrated, it is interesting to note that this also occurs on E. Coli ribosome inducing the same conformational change of ribosome-bound rRNAs as that observed when the messenger is present (17, 18) .
Our data also suggest that tRNA binding on small ribosomal subunits may be the reason for the conformational and functional heterogeneity of these subunits when isolated by conventional methods. Thus, the 30Z 40S monomer species present in every subunit preparation and which resist high-speed centrifugation might be subunits left with tRNA and fragments of mRNA. This would agree with the following observations : first, isolated 40S monomers showed a much smaller | H| poly(U) binding activity than 55S dimers ; second, our earlier preparations of small subunits obtained in the absence of puromycin with 0.3 M KC1 contained higher amounts of centrifugation-resistant monomers than has been described here (about 50 X instead of 30 X) (8) ; third, native 40S monomers, unlike 55S dimers, showed the same high resistance to both high-salt washing and heating as the monomers prepared "in vitro"
on incubating 55S dimers with poly(U) and Phe-tRNA Phe (A.M. REBOUD, unpublished results). On the other hand our finding that the preparation of small subunits fixed with formaldehyde always shows higher amounts of 4OS monomers than the unfixed subunits can be explained by the presence of some small subunit-tRNA complexes. These would sediment as 40S monomers when crosslinked with formaldehyde but, when not so crosslinked, they would be destroyed by high-speed centrifugation and therefore appear on the gradients as 55S dimers. If these explanations are correct, then the small ribosomal subunits, such as they are routinely prepared with puromycin, contain at least three forms of particles; the 30Z monomers which are centrifugation-resistant and most probably bear tRKA and fragments of mRNA; the 10 -251 monomers which bear only weakly bound tRNA so that they do not resist high-speed centrifugation and are only seen as a substantial increment of the 40S monomer peak when they have been fixed with formaldehyde prior to centrifugation; and lastly, the 55S dimers which are free from translational components. It is to be noted that the bacterial 30S ribosome population, tooiwas recently shown to contain three distinct classes of particles (21) . This heterogeneity of small subunit preparations must be taken into account in investigations concerning structure-function relationships.
